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論 文 内 容 の 要 旨 
 
ABSTRACT 
Sirtuin has been associated in prolonging lifespan of different model organisms. It has been 
shown to have an enzymatic activity of NAD+-dependent protein deacetylation targeting acetylated 
proteins thereby modifying broad aspects of physiological regulation. Sirtuin has gained attention 
because of its function in life span elongation as reported in nematode fruit fly, yeast and 
mammalian cells. In bacteria, there is a long list of bacterial sirtuin homologs for both archaea and 
eubacteria in GenBank and functions of sirtuin homolog in Salmonella enterica, Escherichia coli, 
and Bacillus subtilis were already reported. However, little is known about its function in lactic acid 
bacteria (LAB). To-date, only one published study which was reported by the author's laboratory 
can be found about sirtuin and its target protein ribosomal protein S4. 
Lactobacillus paracasei is one of the probiotic bacteria used widely in yoghurt and fermented 
milk products. This bacterium was found to have a single sirtuin homolog gene, sirA, in its genome 
together with no other Zn+-dependent protein deacetylase. To explore other possible unidentified 
roles of L. paracasei sirtuin (LpSirA), this study used type strain BL23 with different levels of sirtuin 
expression – wild-type, overexpressing (highsirA), fluorescent fusion (highsirA-Venus), empty vector 
(wild-type+pLPM11), dominant negative (highsirA [H113Y]), deletion (ΔsirA), and revertant 
(ΔsirA+PsirA). Intracellular localization analysis using different approaches (immunofluorescence, 
use of GFP and immunogold electron microscopy) were done to obtain a clue of dynamic process 
involving LpSirA and its interaction with putative target proteins playing roles in the control of 
proliferation of cells. In addition, the above-mentioned strains were also used for the analysis of 
outcome of overexpression, deletion and re-introduction of LpSirA in the physiology of cells such as 
cell length and acetylated protein expression; and its effects on the upregulation and 
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downregulation of genes at transcriptional level. The findings of this study suggest that LpSirA plays 
an important role in cell division and cell shape regulation in rod-shaped lactic acid bacterium L. 
paracasei. 
 
Chapter I. Generation of genetically modified Lactobacillus paracasei strains. 
In this chapter, type strain BL23 was used to construct other strains with different levels of sirtuin 
expression including: overexpressing (highsirA), fluorescent fusion (highsirA-Venus), empty vector 
(wild-type+pLPM11), dominant negative (highsirA [H113Y]), deletion (ΔsirA), and revertant 
(ΔsirA+PsirA). These strains were used for different analyses that were discussed in each chapter to 
identify other possible roles of LpSirA.  
Generations of genetically modified strains were confirmed by different experimental procedures. 
Construction of highsirA, highsirA-Venus, wild-type+pLPM11 and highsirA [H113Y] were verified by 
plasmid DNA sequencing. Sirtuin gene deletion in ∆sirA was confirmed by PCR and southern blot 
analysis which showed lower band (lower molecular weight) of ∆sirA in comparison with wild-type 
and absence of band in ∆sirA in comparison with wild-type respectively, indicating successful 
deletion. Construction of ∆sirA+PsirA was verified by PCR which showed 2 bands - the digested gene 
fragment from the plasmid containing full length sirA (upper band), and the digested gene fragment 
from chromosomal DNA with major deletion of the endogenous sirA (lower band) indicating 
presence of sirtuin in the plasmid and absence of sirtuin in the endogenous DNA confirming the 
success of the constructed revertant strain. Further, western blot analysis also revealed the 
expression of LpSirA for all the strains used in this study. 
 
Chapter II. Intracellular localization of Lactobacillus paracasei sirtuin. 
In this chapter, intracellular localization of LpSirA was determined using three different 
approaches and by using strains having different expression levels of LpSirA namely, wild-type, 
highsirA and ΔsirA. First approach used was immunofluorescence using Alexa 488 (green dye for 
localizing LpSirA) and Hoechst 33258 (blue dye for staining DNA) were used. Results showed that 
LpSirA in wild-type cells was localized in cell poles and/or in a somehow spiral manner all 
throughout the cell with higher intensity for highsirA in comparison with the wild-type, whereas no 
LpSirA signal was detected for ΔsirA. To observe living cells and to obtain detailed microstructural 
images, localization using GFP and immunogold electron microscopy were used respectively; which 
both showed LpSirA in a spiral localization spanning the entire cell length.  
Sirtuin localization was demonstrated first time not only in this bacterium but also among all the 
other bacteria known so far. Interestingly, most known division and cell shape regulation proteins 
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reported in the studies of other bacteria have similar characteristic localization which led us to 
hypothesize that LpSirA aside from previously reported role in protein synthesis may also have a 
role in cell division and cell shape regulation. Examples include MreB (rod-shape determining 
protein) which appears to be in division plate and shifts to a spiral localization spanning the entire 
cell length upon initiation of cytokinesis in Caulobacter crescentus and Bacillus subtilis; and 
MinD(septum-site determining protein) which also forms a spiral structure spanning the cell length 
in Escherichia coli and B. subtilis. Other cell division proteins with similar characteristic localization 
either on midcell or poles are FtsZ, FtsA, DivIVA, and PBP3. The findings in this chapter showed that 
the coinciding localization of cell division proteins and cell shape regulation protein with LpSirA may 
suggest the importance of this protein in cell division and cell shape regulation machinery of L. 
paracasei BL23.  
In addition, cefalexin (septum peptidoglycan synthase PBP3 inhibitor) and A22 (rod-shape 
determining protein MreB inhibitor) were also used to determine the effects of these inhibitors in 
the localization of sirtuin. Sirtuin in wild-type and highsirA localized all throughout the cell from pole 
to pole at 0 µg/mL cefalexin but shifted at the center following the same pattern shown by the 
localization of the DNA at 100 µg/mL cefalexin. Sirtuin in wild-type cells localized at midcell and 
poles at 0 and 5.0 µg/mL A22 and shifted all throughout the cell in patches at 10.0 µg/mL A22. 
Sirtuin in wild-type and highsirA localized all throughout the cell from pole to pole at 0 µg/mL 
cefalexin + 0 µg/mL A22 in contrast with its DNA which was localized only at the center. Sirtuin 
localized with DNA at the center of the cell at 50 µg/mL cefalexin + 10 µg/mL A22 and at 100 µg/mL 
cefalexin + 10 µg/mL A22. These results indicate that sirtuin may have an interaction with PBP3 and 
MreB, so when these proteins were inhibited by cefalexin and A22 respectively, sirtuin shifted its 
localization possibly to its other protein targets. 
 
Chapter III. Acetylome analysis of Lactobacillus paracasei with different levels of 
sirtuin expression. 
Previous finding in L. paracasei BL23 a 28kDa, identified as 30S ribosomal protein S4 as sirtuin 
target determined by in vivo treatment using nicotinamide (sirtuin inhibitor) and in vitro treatment 
using purified recombinant LpSirA. In this chapter, acetylation was studied by western blotting using 
α-acetyl lysine antibody for L. paracasei BL23 with different levels of sirtuin expression – wildtype, 
highsirA and ∆sirA. 
Decrease in band intensity of the proteins of highsirA in comparison with ΔsirA and wild-type 
indicate decrease in acetylation levels in the presence of sirtuin or when sirtuin is overexpressed. 
From these, 7 putative targets/bands (28, 34, 48, 58, 75, 97, and 127 kDa) were selected and their 
- 4 - 
 
putative identities were assigned based on molecular weights of these proteins in L. paracasei BL23 
genome data and by focusing on cell division and cell shape regulating proteins. Such targets 
include: FtsK (90 kDa), PBP3 (58 kDa), FtsA (48.4 kDa), FtsZ1 (44.3 kDa), FtsW (43kDa), RodA (44 
kDa), ParB (32.6, 31.5 kDa), MreB1, MreB2 (35 kDa), and MinD (29 kDa). These proteins were also 
found to be localized either spirally, on poles or on division plates supporting the results obtained in 
Chapter II. 
In addition, a 58 kDa band was observed to have low level of acetylation in highsirA in 
comparison with ∆sirA, and this 58 kDa was identified in a recent study to be L. paracasei PBP3. 
Acetylome analysis was also done in the presence of cefalexin (PBP3 inhibitor) at different 
concentrations to determine its effect on the acetylation pattern of target proteins. Results showed 
presence of cefalexin increased the acetylation levels of 58 kDa band, presumably PBP3. In addition, 
some other bands also increased their acetylation levels which may be proteins interacting with 
PBP3. Increase in acetylation of these proteins may be due to the changes in protein targets of 
sirtuin when cell division is impaired or blocked due to the presence of cefalexin, as also shown in 
Chapter II by the changes in localization of sirtuin in the presence of this inhibitor.  
 
Chapter IV. Cell length analysis of Lactobacillus paracasei with different levels 
of sirtuin expression. 
Findings from Chapter II led us to the possibility of cell division and cell shape regulation proteins 
as targets of sirtuin in L. paracasei BL23. In addition, in the course of microscopic observation, the 
length of the cells was found to be significantly affected by the expression levels of LpSirA in ΔsirA 
and highsirA,which led us to investigate the effect of LpSirA levels in cell length. In this chapter, the 
effects of different expression levels of LpSirA on cell length were analyzed. Microscopic 
observations from wet mount samples and stained samples revealed the formation of long cells for 
highsirA and short cells for ∆sirA. To get a statistically significant result, this study measured the 
length of the long axis of all the cells observed in field of view on the phase contrast microscope. 
Our results revealed that wild-type cell length averaged 2.68 ± 0.77 µm whereas ΔsirA and highsirA 
averaged 2.10 ± 0.58 µm (P < 0.0001) and 2.96 ± 0.84 µm (P < 0.0001), respectively, which are 
statistically significantly shorter and longer in comparison with the wild-type. By categorizing the 
cells according to size, almost half (46.9%) of the ΔsirA cells analyzed showed cell size < 2 µm (short 
cells) which was observed to occur only at 17.1% and 8.1% for wild-type and highsirA, respectively. 
On the contrary, 12.6% of the highsirA showed cell size > 4 µm (long cells), whereas only 5.3% and 
0.9% for wild-type and ΔsirA, respectively. The results of this study showed that overexpression and 
deletion of sirtuin in L. paracasei BL23 affect the average cell length and percentages of tendencies 
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to form long and short cells respectively. 
To determine the effect of re-introducing LpSirA on cell length, ΔsirA:PsirA was also analyzed. The 
average cell length of ΔsirA:PsirA increased in comparison with ΔsirA but not to the level of highsirA 
or even wild-type.  Percentage occurrence of short cells decreased from that of ΔsirA at 46.9% to 
only 38.9%, which was still high in comparison with 17.1% and 8.1% of wild-type and highsirA, 
respectively. Percentage of the cell population exceeding 4 µm was comparable with ΔsirA which 
both had < 1.0% of the cell population. These results showed that although the occurrence of short 
and normal sized cells were not comparable with that of highsirA and wild-type, re-introducing 
sirtuin to the deletion strain still affected the cell length suggesting that indeed sirtuin plays an 
important role in the cell length determination and possibly cell division and cell shape regulation of 
L. paracasei BL23. This observation may indicate that the optimal balance between LpSirA and other 
interacting proteins involved in cell division is important to make concerted execution of the cell 
division/cell shape regulation. 
 
Chapter V. Protein-protein interaction of sirtuin with its target proteins as 
determined by co-immunoprecipitation and TOF-MS analysis. 
Proteins interacting with sirtuin were determined by co-immunoprecipitation and SDS-PAGE 
analysis. More than 20 proteins and 8 proteins were found out to be interacting with sirtuin as 
shown in silver stained and CBB stained gel, respectively. Among these, 3 bands (63, 52 and 35 kDa) 
were selected for TOF-MS analysis to determine their identity. Out of the 3 bands submitted for 
analysis, only 1 (52 kDa) showed lysine acetylation (Acetyl K), in its protein sequence, which was 
identified to be MOP superfamily multidrug oligosaccharidyl-lipid polysaccharide flippase 
transporter. Although only 1 showed lysine acetylation, the results of this study showed that sirtuin 
indeed has various targets and were not just limited to protein synthesis, cell division and cell shape 
regulation. 
 
Chapter VI. RNA sequencing analysis of Lactobacillus paracasei with different levels 
of sirtuin expression.                     
Using wild-type, highsirA and ΔsirA strains, a total genes of 3216 genes were annotated from RNA 
sequencing analysis of which 3209 have identities. Of note is the NAD+-dependent deacetylase 
(sirtuin) which was found to be upregulated in highsirA by 17.69 fold and downregulated in ∆sirA by 
313.26 fold when each was compared with wild-type respectively, verifying the sirtuin expression of 
these strains. RNA sequencing data was narrowed down to some specific gene function including 
cell division, cell shape regulation, protein synthesis and acetylation. For cell division and cell shape 
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regulation, 11 genes (10 upregulated, 1 downregulated) have significant differences in wild-type vs 
highsirA. For protein synthesis, a total of 19 genes for 30s subunit and 34 genes for 50s subunits 
have significant differences in wild-type vs highsirA, all of which were upregulated; and 1 gene for 
30s subunit (upregulated) and 2 genes for 50s subunit (both downregulated) have significant 
differences in wild-type vs ∆sirA. For acetylation, 15 genes (8 upregulated, 7 downregulated) have 
significant differences in wild-type vs highsirA; and 9 genes (1 upregulated, 8 downregulated) have 
significant differences in wild-type vs ∆sirA. Fold changes ranges from -1.46 to 2.43, 1.85 to 4.67, 
1.24 to 3.49 and -1.44 to 8.76 for cell division/cell shape regulation, protein synthesis (30s), protein 
synthesis (50s) and acetylation functions respectively.  
As cell division and cell shape regulation proteins are the main interests of this study in terms of 
LpSirA target, this study focused on the identities of the genes with these functions. The findings of 
this study supported our data from the previous chapters indicating an important role of LpSirA in 
cell division and cell shape regulation. Genes annotated as cell division inhibitor was significantly 
upregulated by 1.79 fold which maybe the reason why highsirA cells tends to get long. In addition, 
genes annotated as rod shaped-determining proteins which were mentioned in the previous 
chapters were significantly upregulated by 1.59 to 1.87 fold, which may lead to generation of long 
cells. Further, MinD protein which was localized spirally in cell and works in cell division together 
with other proteins (preventing premature division prior to daughter chromosome separation) were 
also found to be significantly upregulated by 2.43 fold. These results indicate that overexpression of 
sirtuin affects gene expression of these cell division and cell shape proteins thereby affecting the 
cellular machinery controlling cell proliferation. 
 
 
審 査 報 告 概 要 
 
本研究では乳酸菌 Lactobacillus paracasei BL23 を用いてサーチュイン (LpSirA) の標的分
子の探索と機能解析を実施した。顕微鏡観察では LpSirA が細胞分裂面，細胞極，または細
胞全長に亘りらせん状に分布していた。この局在は細胞の分裂や形態形成に関わるタンパク
質の特徴であることに注目し，細胞分裂や形態形成の阻害剤で処理してみると，LpSirA の
局在，及び，いくつかのタンパク質のアセチル化のレベルが変化した。細胞長について観察
すると，LpSirA 遺伝子欠損株では細胞長が短い菌の割合が増加し，逆に高い発現株では，
長い長桿菌の割合が増加した。さらに高発現株では細胞分裂抑制や桿菌形態形成，分裂面の
決定に関与する遺伝子の転写が亢進した。以上の結果から，サーチュインが細胞分裂や細胞
形態形成に重要な役割を果たしていることが強く示唆された。本研究結果の学問的価値は非
- 7 - 
 
常に高く，また乳酸菌によるプロバイオティクスの確立に大きく貢献すると考えられる。こ
れらの研究成果等を詳細に検討した結果，審査委員一同は博士 (生物産業学) の学位を授与
する価値があると判断した。 
